Peroxisome proliferator activated receptor alpha (PPARa) agonists are anti-hyperlipidemic drugs that influence fatty acid combustion, phospholipid biosynthesis and lipoprotein metabolism. To evaluate impacts on other aspects of lipid metabolism, we applied targeted metabolomics to liver, heart, brain and white adipose tissue samples from male Swiss-Webster mice exposed to a 5 day, 500 mg/kg/day regimen of i.p. clofibrate. Tissue concentrations of free fatty acids and the fatty acid content of sphingomyelin, cardiolipin, cholesterol esters, triglycerides and phospholipids were quantified. Responses were tissue-specific, with changes observed in the liver > heart >> brain > adipose. These results indicate that liver saturated fatty acid-rich triglycerides feeds clofibrate-induced monounsaturated fatty acid (MUFA) synthesis, which were incorporated into hepatic phospholipids and sphingomyelin. In addition, selective enrichment of docosahexeneoic acid in the phosphatidylserine of liver (1.7-fold), heart (1.6-fold) and brain (1.5-fold) suggests a clofibrate-dependent systemic activation of phosphatidylserine synthetase 2. Furthermore, the observed $20% decline in cardiac sphingomyelin is consistent with activation of a sphingomeylinase with a substrate preference for polyunsaturate-containing sphingomyelin. Finally, perturbations in the liver, brain, and adipose cholesterol esters were observed, with clofibrate exposure elevating brain cholesterol arachidonyl-esters $20-fold. Thus, while supporting previous findings, this study has identified novel impacts of PPARa agonist exposure on lipid metabolism that should be further explored.
Introduction
Fibrates are widely prescribed hypolipidemic drugs that exert their effects through peroxisome proliferator activated receptor alpha (PPARa)-dependent mechanisms . In responsive individuals, such PPARa agonists reduce plasma triglycerides and low density lipoproteins, elevate plasma high density lipoproteins (Linton and Fazio, 2000; Kliewer et al., 2001) , and inhibit inflammatory signaling in vascular cells (Delerive et al., 1999; Marx et al., 2004) , effects which reduce cardiovascular risk (Linton and Fazio, 2000; Kliewer et al., 2001) . However, while extensively studied, the full breadth of responses to PPARa agonist exposure has yet to be defined. Early investigations of PPARa agonists, including an array of environmental pollutants (e.g., phenoxy acetate herbicides, trichloroethylene, diethylhexyl phthalate), classified these compounds as non-genotoxic carcinogens in mammals due to the canonical proliferative response of hepatic peroxisomes in exposed rodents (Maloney and Waxman, 1999; Reddy, 2004) . PPARa activation influences peroxisomal and mitochondrial associated gene expression and enzyme activity in multiple tissues including the liver, heart, kidney, brain, intestine, white and brown adipose, with the liver being the most responsive (Karbowska et al., 1999; Cook et al., 2000; Cullingford et al., 2002) . These agents influence various aspects of lipoprotein metabolism , long-chain fatty acid oxidation (Cook et al., 2000) , and lipogenesis (Karbowska et al., 1999) , as well as glycerophospholipid (Lenart et al., 1998) , cardiolipin (Jiang et al., 2004) , and cholesterol esters biosynthesis (Chinetti et al., 2003) .
PPARa is present in most tissues, but is highly expressed in tissues with elevated respiration rates including brown adipose tissue, liver, renal cortex and heart (Kersten et al., 2000; Klaus, 2004 ). In general, the level of PPARa expression correlates with the metabolic activity and lipid-dependent energy metabolism of a given tissue type (Escher et al., 2001; Michalik et al., 2004) . However, even tissues with high PPARa expression show differential responses to fibrate exposure in terms of changes in the cellular b-oxidation machinery (Nemali et al., 1988; Cook et al., 2000) . It is therefore expected that the magnitude of the tissue-selective responses to clofibrate treatment will reflect the relative PPARa expression levels, while the nature of the effect will reflect the role of this receptor in disparate tissues.
In this study we assessed the effects of clofibrate on lipid metabolism in the liver, heart, brain and white adipose of male Swiss-Webster mice with the goal of identifying novel PPARa agonist responsive pathways. The concentrations of $400 discrete lipids, comprising the majority of cellular structural lipids, were compared between treated and untreated animals using a focused metabolomics approach (Watkins et al., 2002) . Our findings support numerous earlier studies while laying the foundation for future explorations of clofibratedependent shifts in lipid metabolism.
Materials and methods

Animals
Male Swiss-Webster mice were purchased from Charles River Breeding Laboratory (Hollister, CA) and weighed 20-25 g upon receipt. Mice were housed in HEPA-filtered racks for 7 days before use and were fed and watered ab lib., with a light cycle of 12 h light and 12 h dark. Animal care procedures were approved by the Animal Use and Care Committee at the University of California, Davis. Animals (n = 5/group) were injected i.p. with either clofibrate (Sigma Chemical, St. Louis; 500 mg/kg body weight) in corn oil, or the corn oil vehicle alone, daily for 5 days as previously described (Chen et al., 2000) . On the sixth day, mice were euthanized with 100 mg/kg i.p. pentobarbital. All organs were immediately excised, rinsed in a 0.9% sodium chloride solution (1% w/v) and flash frozen at )80°C.
Lipid analysis
Lipid analyses were performed by Lipomics Technologies, Inc. (West Sacramento, CA) using previously reported methods (Watkins et al., 2002) . Tissue concentrations of free fatty acids and the fatty acid content of sphingomyelin, cardiolipin, cholesterol esters, triglycerides and phospholipids were quantified. Briefly, lipids were extracted from tissues using 2:1 (v/v) chloroform:methanol (Folch et al., 1957) in the presence of internal standards. An extract equivalent of 25 mg of heart, brain, or liver tissue or 10 mg inguinal adipose tissue was then analyzed. Individual lipid classes were separated by preparative TLC (Watkins et al., 2002) using lipid class standards spotted on the two outside lanes of the TLC plate to enable lipid class localization. Lipid classes were scraped from the plate and transesterified in 3N methanolic-HCl under nitrogen at 100°C for 45 min. The resulting fatty acid methyl esters were extracted from the mixture with hexane containing 0.05% butylated hydroxytoluene and stored under nitrogen. Fatty acid methyl esters were separated and quantified by GLC using a Hewlett-Packard (Wilmington, DE) model 6890 GC equipped with a 0.25 mm i.d. ·30 m 5 lm DB-225MS column (J&W Scientific, Folsom, CA) and a flame-ionization detector (Watkins et al., 2002) . Free fatty acids as well as the fatty acid content of sphingomyelin, cardiolipin, cholesterol esters, triglycerides and phospholipids were quantified. Total phospholipids as well as individual phosphatidylcholine and phosphatidylethanolamine were measured; however, the Lipomics Technologies method does not discriminate between phosphatidylserine and phosphatidylinositol.
Data analysis
Differences in mean concentrations between treated and control mice were tested using 2-tailed t-tests with a = 0.05, unless otherwise stated. Non-detected values were replaced with 50% of the lowest reported value for the purpose of determining significance. Fold changes were calculated relative to control means. Significant changes for each measured lipid are displayed in figure 1 in a heat map of fold-differences from control.
Results
Lipid concentrations (nmol/g tissue) are reported for the analyzed lipid subclasses, including total fatty acids (the sum of all fatty acids analyzed), saturated fatty acids (SAT), monounsaturated fatty acids (MUFA), polyunsaturated fatty acids (PUFA), omega 3 fatty acids (n3), omega 6 fatty acids (n6), products of the delta-9 desaturase (n7 and n9), plasmalogens and transfatty acids (trans). The vector of each significant change from control (p < 0.05) is shown in figure 1 . The measured lipid concentrations are provided on a tissueselective basis along with information on fatty acid nomenclature in the Supplementary Data. Results are reported as group means ± standard deviations within the text.
Hepatic lipid metabolism
Changes were observed in both the concentration and composition of hepatic lipids (figures 1 and 2). Total hepatic triglyceride concentrations were $30% lower in treated mice (4620 ± 1300 nmol/g) than in control mice (6620 ± 1000 nmol/g), while total cholesterol ester concentrations decreased $25% (treated: 1180 ± 140 nmol/g; control: 1590 ± 210 nmol/g). Phosphatidylserine/inositol concentrations were $30% higher in treated mice (7280 ± 550 nmol/g) than in control mice (5620 ± 380 nmol/g), as were lysophosphatidylcholine concentrations (treated: 1150 ± 69 nmol/g; control: 874 ± 66 nmol/g).
A number of specific changes in SAT, MUFA and PUFA concentrations were observed in each lipid Figure 1 . Clofibrate treatment differentially altered the concentrations of individual lipids in the liver, heart, brain and adipose tissues. Lipids of various chain lengths are grouped by structural similarity, which is associated with their route of biosynthesis. These subclasses include the saturated fatty acids (SAT), terminal double bond location relative to the omega terminal (omega X = nX), the dimethyl acetals resulting from ether linked plasmalogens (PM), and fatty acids containing trans-double bonds (trans). Significant changes (p < 0.05) are indicated graphically such that: white, increase; black, decrease; grey, no change; x, lipid not naturally present. Figure 2 . Clofibrate treatment affected the saturated fatty acid (SAT), monounsaturated fatty acid (MUFA) and polyunsaturated fatty acid (PUFA) distribution in the liver and heart. In the liver, SAT concentrations were decreased in triglycerides (TG) and to a lesser extent cholesterol esters (CE) and sphingomyelin (SM), while being increased slightly in the phosphatidylserine/inositol (PS) and lysophosphatidylcholine (LPC), but not phosphatidylethanolamine (PE) or phosphotidylcholine (PC). The MUFA concentrations were substantially increased in all liver phospholipid classes, including cardiolipin (CL). Increases in PS and LPC PUFAs were also observed. In the heart, increases in all free fatty acids (FFAs) and decreases in MUFA and PUFA SMs were observed (see figure 4 for details). White and black bars indicate control and clofibratetreated groups, respectively. Concentrations are expressed as the mean ± standard deviation of each group (n = 5) with differences in means tested using 2-tailed t-tests (*p < 0.05).
subclass. While not apparent in the sum of the measured 14-22 carbon saturated fatty acids (i.e., the SAT value), palmitic acid (16:0) was elevated in phosphatidylcholine (treated: 17,600 ± 870; control: 14,900 ± 1200), lysophosphatidylcholine (treated: 520 ± 46; control: 384 ± 32 nmol/g) and phosphatidylserine/inositol (treated: 1460 ± 270; control: 893 ± 78 nmol/g) of treated mice relative to controls, but reduced in both triglycerides (treated: 2970 ± 740; control: 4820 ± 650 nmol/g) and cholesterol esters (treated: 315 ± 51; control: 522 ± 120 nmol/g). Hepatic sphingomyelins also showed a decrease in SATs following clofibrate treatment (Table 1 ). In addition, the concentration of MUFAs including palmitoleic (16:1n7), vaccenic (18:1n7) and oleic (18:1n9) acids were increased in all of the liver glycerophospholipids (figure 1). In particular, the concentrations of 16:1n7 and 18:1n9, both direct products of the delta-9 desaturase steroyl CoA desaturase (SCD), were increased in each of the major structural phospholipids, except sphingomeylin. Clofibrate did not increase these fatty acids in the free fatty acid, triglyceride or cholesterol ester pools of the liver.
Clofibrate-induced changes in PUFAs (i.e., n3 and n6 lipids) were also observed in liver tissue. Multiple lipid classes, including free fatty acids, cardiolipin, lysophosphatidylcholine, phosphatidylcholine, phosphatidylethanolamine and phosphatidylserine/inositol showed 2-3 fold increases in dihomo-c-linolenic acid (20:3n6), while total phospholipid measurements revealed additional increases in mead acid (20:3n9) and decreased arachidonic acid (AA, 20:4n6; figure 1). Upon closer inspection it was found that the influence of clofibrate on phosphatidylserine/inositol was distinct from that of phosphatidylethanolamine and phosphatidylcholine. Increases in 20:3n6 and 22:5n3 were observed in all three phospholipid classes, however the distribution of docosahexenoic acid (DHA, 22:6n3) changed on a phospholipid class-specific basis. DHA increased in phosphotidylserine/inositol (treated: 1400 ± 360; control 830 ± 90 nmol/g; figure 3), was unchanged in phosphatidylethanolamine and decreased in phosphatidylcholine. Only phosphatidylcholine exhibited a change in AA levels, which declined by 38%, while free AA increased 78%. Interestingly, while triglyceride DHA levels fell $5-fold with clofibrate exposure (treated: 115 ± 30 nmol/g; control: 570 ± 160 nmol/g), free DHA was unchanged (treated: 56 ± 13 nmol/g; control: 59 ± 16 nmol/g).
Cardiac lipid metabolism
The heart showed multiple responses to clofibrate treatment in this study (figures 1-4). Free fatty acids increased by $45% (treated: 1420 ± 73 nmol/g; control: 979 ± 67 nmol/g; Table 1 ). In contrast, sphingomyelin concentration declined by 20% with clofibrate treatment (treated: 1140 ± 110; control: 1420 ± 110 nmol/g). While the concentrations of SATs in sphingomyelin were unchanged, the concentrations of MUFAs and PUFAs declined in this lipid class (figures 2 and 4). No changes were observed in triglycerides, total phospholipids, cholesterol esters, or cardiolipin (Table 1) . However, as shown in figure 3 , an increase in phosphatidylserine/ inositol DHA content was observed (p = 0.07; treated: 2600 ± 970; control: 1600 ± 500 nmol/g). In the case of triglycerides, the variance in the treated group was 2-fold greater than controls (F-test p < 0.01), with two of the five animals showing evidence of greatly increased cardiac triglycerides. The variance of all other cardiac lipid classes was equivalent between treated and control groups. In contrast to the liver, heart lipids were not enriched with 16:1n7, 18:1n7, 18:1n9 or 20:3n9 upon clofibrate treatment ( figure 1 ). This figure also shows that the concentrations of 20:3n6 were higher (1.2-to 2.4-fold) in most lipid subclass of clofibrate-treated heart. The exceptions were sphingomyelin, which decreased as described above, and phosphatidylserine/inositol, lysophosphatidylcholine, and cardiolipin, which were unchanged. Despite the increase in 20:3n6, there was a decrease in its delta-5 desaturase product AA in heart phosphatidylcholine (45%), phosphatidylserine/inositol (39%), total phospholipids (28%), cholesterol esters (50%), and sphingomyelin (69%) with clofibrate-treatment.
Other observed changes in the heart were reductions in phosphatidylethanolamine plasmalogens (treated: 1010 ± 110; control: 1380 ± 200 nmol/g) and minor changes in cardiolipin composition, which showed increased myristic acid (14:0) and erucic acid (22:1n9), and decreased AA and stearidonic acid (18:4n3) in treated animals.
Brain lipid metabolism
The brain displayed moderate changes upon clofibrate exposure (figures 1 and 3). No significant effects of clofibrate treatment were observed in the triglyceride, total phospholipid, or free fatty acid lipid subclasses (Table 1) , however, levels of phosphatidylserine/inositol increased by $30% (treated: 11,800 ± 1700; control: 8930 ± 1700 nmol/g). When examined closely, a number of significant changes in PUFA distributions were observed. In particular, fluctuations in AA and DHA concentrations were observed (figure 1). Free DHA decreased $60% in clofibrate-treated individuals, while the DHA content of phosphatidylserine/inositol increased 144% (treated 5400 ± 720; control 3700 ± 640 nmol/g; figure 3 ). The AA content of both phosphatidylserine/inositol and triglycerides also increased. In addition, both AA and DHA increased in sphingomyelin and were responsible for the significant increase in MUFAs and PUFAs observed for this lipid class (1.3-and 1.7-fold, respectively).
The total concentrations of cholesterol esters were decreased with clofibrate-treatment (treated: 1590 ± 260 nmol/g; control: 2080 ± 260 nmol/g). However, the composition of this lipid class changed, with MUFAs decreasing and PUFAs increasing by $2-fold (treated: 322 ± 67; control: 160 ± 17 nmol/g). The increase in cholesterol PUFA esters was accounted for by a 19-fold enrichment in AA (treated: 183 ± 61; control: 9.73 ± 1.5 nmol/g) and a substantial decline in 18:1n9 (treated: 520 ± 100; control: 932 ± 110 nmol/g).
Adipose lipid metabolism
Few effects were observed in the analyzed adipose tissue collected from the retroperitoneal fat pad (figure 1). Most notable were changes in cholesterol esters that showed decreases in SATs, and increases in MUFAs and n3 fatty acids (Table 1) . Increases were observed in the SCD products 16:1n7 (treated: 120 ± 33; control: 41 ± 10 nmol/g), 18:1n7 (treated: 210 ± 24; control: 110 ± 24 nmol/g) and 18:1n9 (treated: 1890 ± 500; control: 800 ± 180 nmol/g). The decrease in SAT levels was dominated by a decline in 16:0 concentrations (treated: 890 ± 250; control: 1470 ± 240 nmol/g; figure 1 ). A 30% increase in SATs in free fatty acids following clofibrate treatment was observed, being mainly driven by an increase in 
Notes. Values are mean ± SD fold change between clofibrate-and vehicle-treated (n = 5) groups (p < 0.05; 2-tailed t-test). -, No change; ND, not detected; NA, not analyzed; SM, sphingomyelin; CL, cardiolipin; FFA, free fatty acids; CE, cholesterol esters; TG, triglycerides; TPL, total phospholipids; PC, phosphatidylcholine; PE, phosphatidylethanolamine; PS/PI, phosphatidylserine/inositol; SAT, saturated fatty acids; MUFA, monounsaturated fatty acids; PUFA, polyunsaturated fatty acids; PM, plasmalogens; trans, trans-fatty acids; nX, omegaX where X indicates the terminal double bond carbon relative to the omega terminal. White and black bars indicate control and clofibrate-treated groups, respectively. Concentrations are expressed as the mean ± standard deviation of each group (n = 5) with differences in means tested using 2-tailed t-tests (*p = 0.07; **p < 0.05).
16:0 levels (treated: 1950 ± 370; control: 1380 ± 230 nmol/g).
Discussion
Fibrates are PPARa agonists used to treat disorders associated with hyperlipidemia (Schmitz and Langmann, 2006; Zambon et al., 2006) . Humans are also exposed to PPARa agonists as environmental contaminants (Hauser et al., 2004; Latini et al., 2004; Otake et al., 2004 Mortensen et al., 2005 , and such non-therapeutic exposures can alter lipid metabolism (Thorne et al., 1994) and produce adverse health effects (Otake et al., 2004; Hauser et al., 2005; Mortensen et al., 2005) . Clofibrate affects lipid metabolism in a tissue-specific manner (Nemali et al., 1988; Karbowska et al., 1999; Cook et al., 2000) . To enhance our understanding of the action of PPARa agonists on systemic lipid metabolism as described by figure 5, the current study examined the effects of clofibrate treatment on the lipids of the liver, heart, brain and white adipose tissue.
In the liver, a decrease in hepatic triglycerides was observed, a classic mammalian response to fibrate therapy (Karbowska et al., 1999) . As expected for exposure to a SCD activator/inducer (Miller and Ntambi, 1996; Hamadeh et al., 2002) , a redistribution of 16:0 and an increase of 16:1n7 and 18:1n7 synthesis was also observed with clofibrate exposure. When corrected for the 3:1 fatty acid:triglyceride molecular ratio, the decline in triglyceride SATs shown in figure 2 constitutes $95% of the total increase in hepatic SCD products appearing in other lipids. Since hepatic triacylglycerol hydrolase activity and expression are reportedly unaffected by clofibrate exposure (Dolinsky et al., 2003) , the mechanism of this mobilization is unclear.
Products of the delta-5 and delta-6 desaturases were also expected to increase in the clofibrate exposed liver (Chen et al., 2000; Matsuzaka et al., 2002; Song He et al., 2002; Nakamura and Nara, 2004) . While a change in total PUFAs was not observed, DHA levels in cardiolipin and phosphatidylserine/inositol were elevated in the liver (figures 1 and 3) . The enrichment of phosphatidylserine/inositol in DHA would argue for a phosphatidylserine synthetase 2-dependent serine exchange reaction (Vincent et al., 2001) . These types of phosphatidylethanolamine-dependent mechanisms are known to be enhanced in the liver of clofibrate exposed rats (Lenart et al., 1998) . (n6) and products of the delta-9-desaturase (n7 and n9). Concentrations are expressed as the mean ± standard deviation of each group (n = 5) with differences in means tested using 2-tailed t-tests (*p < 0.05).
Total cardiolipin concentrations in the liver did not change significantly ($8% increase), however, the concentration of MUFA-containing cardiolipin increased by $65%. Specifically, 1.3-to 1.8-fold increases in the n3, n7 and n9 lipid subclasses of cardiolipin were observed in response to clofibrate treatment (Table 1) . Cardiolipin is a primary component of mitochondrial membranes (Hatch, 1994; Schlame and Hostetler, 1997) formed from phosphatidylglycerol phosphate by cardiolipin synthase (figure 5). PPARa activation stimulates cardiolipin degradation, and it has been postulated that phosphatidylglycerol phosphate synthase activation compensates for this loss, maintaining the cardiolipin pool size (Jiang et al., 2004) . Newly formed cardiolipin consists of randomly incorporated acyl chains, which are later remodeled to a high linoleic acid content (Xu et al., 2003; Lee et al., 2006) . Thus the enrichment of MUFAs in hepatic cardiolipin is consistent with the elevated level of SCD products in the liver glycerophospholipid pool and enhanced cardiolipin turnover ( Table 1 ). The functional consequences of such changes in cardiolipin structure are unknown (Sparagna et al., 2005) .
In contrast to the effects on the liver, glycerophospholipid biosynthesis and SCD-dependent metabolism were apparently unaffected in the heart, while triglycerides, free fatty acids, and sphingomyelins were influenced by treatment. Our findings are consistent with those observed in a cardiac-specific PPARa overexpressing mouse, which show elevated triglycerides, free fatty acids and ceremides (Finck et al., 2003; Finck, 2004) . While only two of five fibrate treated animals showed elevated cardiac triglycerides, cardiac free fatty acids were elevated $40-50% in all treated animals. Moreover, clofibrate treatment produced a $35-40% decline in unsaturated sphingomyelins without changes in SAT-containing species (figure 4). Due to the importance of sphingolipids in the regulation of cell growth (Cremesti et al., 2002) and cardiac contractility (Cailleret et al., 2004) , confirmation of a link between fibrate exposure and cardiac sphingomyelinase activity warrants close consideration. Unlike the hepatic lipids, the relative distribution of SATS and MUFAs was unchanged in the heart. While the stable MUFA levels could indicate the presence of unresponsive cardiac SCD isoforms, PUFAs can also inhibit SCD expression (Miller and Ntambi, 1996) and cardiac PUFAs were elevated by clofibrate exposure (1.5-fold, Table 1) In the brain, clofibrate exposure reduced the cholesterol esters content (Table 1) and remodeled the lipid components of the free fatty acids, cholesterol esters, and sphingomyelin pools (Table 1) . It should be recognized, however, that PPARa is focally distributed within specific cerebral and cerebellar cell-types (Kainu et al., 1994) and that the reported results likely only hint at a more complex story. Clofibrate treatment decreased the relative abundance of free DHA by $2-fold, while producing a $20-fold and $3-fold increase in the AA content of cholesterol esters and sphingomyelins, respectively. These changes are consistent with the linkage of cholesterol and PUFA metabolism in neural tissues (Haag, 2003) and a PPARa mediated inhibition of cholesterol ester biosynthesis (Chinetti et al., 2003) . Another important observation was the enrichment of unsaturates in the brain sphingomyelin fraction, as opposed to the depletion of this same reservoir in the heart. Again, these effects of clofibrate on sphingomyelin metabolism are intriguing and deserve future focused effort.
As expected, the effects of clofibrate on white adipose tissue were minimal, with changes seen primarily in the free fatty acid and cholesterol ester pools. Clofibrate exposures elevated SAT free fatty acids along with slight increases in 24:0 and 24:1n9 in the triglyceride pool. While the total concentration of adipose cholesterol esters was unchanged, these lipids were depleted in SATs and enriched in MUFAs and PUFAs to a lesser extent. These results are quite distinct from those observed in the brain, suggesting that these two tissue types show a differential preference for these cholesterol ester subclasses.
Together, the reported results support various hypotheses from the literature, while providing novel insights into clofibrate-induced changes on lipid metabolism. We have found that clofibrate not only reduces hepatic triglycerides, but that this reduction is consistent with the use of the saturated component of this lipid pool to drive steroyl-CoA desaturase-dependent de novo MUFAs synthesis. These newly formed MUFAs are then accumulated in hepatic phosphatidylserine, consistent with the proliferation of peroxisomal membranes. In fact, the DHA component of phosphatidylserine/inositol increased in the liver, heart and brain (figure 3), suggesting an activation of phosphatidylserine synthase 2 in each of these tissues (figure 5) . The elevation in cardiac free fatty acids is consistent with previous reports of PPARa activation enhancing mitochondrial b-oxidation and free fatty acid uptake in the heart. Moreover, the behavior of cardiolipin was consistent with reports of PPARa-dependent accelerations in cardiolipin turnover. In the brain, clofibrate exposure led to an increase in the AA content of phosphatidylserine/inositol, trigycerides, cholesterol esters, and sphingomyelin, suggesting effects on long chain fatty acid synthesis in this tissue, while only minor alterations in adipose lipids were observed, consistent with the low level of PPARa expression in this tissue. The most unexpected result reported here was evidence for a clofibrate-dependent impact on sphingomyelin metabolism in the heart and brain, findings which deserve closer attention. The data reported here suggest a number of interesting hypotheses for further investigation, demonstrating the hypothesis-generating utility of a lipidomics research approach.
